[1] We reexamine the relationship between circulation, bathymetry, and surface chlorophyll in the Southern Ocean, using new high-resolution maps of the frontal structure of the Antarctic Circumpolar Current (ACC) derived from satellite altimetry. The maps reveal that the ACC consists of multiple filaments or jets. By averaging surface chlorophyll measurements along streamlines, we show that the fronts define the limits of zones with similar concentrations and seasonality of surface chlorophyll. The overall pattern of surface chlorophyll is consistent with strongest upwelling of nutrient-rich deep water south of the Polar Front (PF). However, the distribution of chlorophyll in the Southern Ocean is concentrated in a number of persistent blooms, observed downstream of islands and bathymetric features. In contrast to previous studies, we find little evidence that the fronts of the ACC are associated with enhanced productivity, at least where the fronts are distant from topography. Rather, we find that most regions of elevated chlorophyll in the open Southern Ocean can be explained by upwelling of nutrients (both macronutrients and micronutrients) where the ACC interacts with topography, followed by downstream advection. The upwelling is shown to be the consequence of the bottom pressure torque established by the large-scale flow, rather than being due to small-scale instabilities of the jets. The interaction of the flow with the topography therefore establishes both the large-scale dynamical balance of the ACC and determines the productivity of the open Southern Ocean.
Introduction
[2] The availability of light, iron and silicic acid are now understood to be the key factors exerting bottom-up control of phytoplankton processes in the ''high nitrate -low chlorophyll (HNLC)'' waters of the Southern Ocean (Boyd [2002] provides a useful review of recent progress). Satellite measurements of ocean color have revealed the complex temporal and spatial variability of surface chlorophyll a Comiso et al., 1993; Moore et al., 1999; Abbott, 2000, 2002] . While chlorophyll a concentrations are generally low in the Southern Ocean, phytoplankton blooms have been observed in the seasonal ice zone, in shallow coastal and shelf waters, near some fronts of the Antarctic Circumpolar Current (ACC), and associated with large bathymetric features. In each case, the blooms have been attributed at least in part to an input of iron (e.g., from melting sea ice and icebergs, from sediments or from upwelling caused by mesoscale processes at the fronts).
[3] Ocean color data have been used extensively to investigate phytoplankton bloom dynamics in the Southern Ocean (see overview given by Moore and Abbott [2002] ). Moore and Abbott [2002] found that surface chlorophyll was elevated along the Polar Front (PF), at least in December. Several in situ studies have found elevated phytoplankton biomass at the PF relative to surrounding waters [e.g., Laubscher et al., 1993; de Baar et al., 1995; , particularly in the Atlantic sector. Comiso et al. [1993] analyzed Coastal Zone Color Scanner pigment concentrations and found that there is an inverse correlation between chlorophyll concentrations and ocean depth in the Southern Ocean. Moore and Abbott [2000] used surface chlorophyll concentrations from SeaWiFS over the entire Southern Ocean and found that the highest values of chlorophyll occur in coastal and shelf regions associated with islands and continents. Persistent phytoplankton blooms were also found over large topographic features such as the Southeast Indian, Pacific-Antarctic and MidAtlantic Ridges. Moore and Abbott [2002] demonstrated that phytoplankton blooms are frequently observed where the PF interacts with the North Scotia Ridge and Kerguelen Plateau. They speculated that when the ACC crosses large topographic features, it increases the relative vorticity of the water column. This excess of vorticity is likely to dissipate through intensified meandering and eddy action, which in turn would increase nutrient injections into surface waters during upwelling events induced by the meanders and eddies. This process could be responsible at least in part for the broad regions of elevated chlorophyll concentrations found above large topographic features.
[4] The distributions of primary production, macronutrients and iron are not uniform in the Southern Ocean. The fronts of the ACC delimit zones with similar physical, chemical and biological properties and similar seasonal evolution [e.g., Trèguer and Jacques, 1992; Trull et al., 2001; Rintoul and Trull, 2001; Chaigneau et al., 2004] . For example, the Subantarctic Zone (SAZ) is characterized by deep winter mixed layers, low silicic acid concentrations, a phytoplankton community dominated by coccolithophores and with few diatoms. South of the PF, the seasonal changes in mixed layer depth are smaller than found in the SAZ, surface waters are rich in nitrate, phosphate and silicic acid year-round, and diatoms dominate the phytoplankton community. South of Australia, Sohrin et al. [2000] showed that macronutrient, iron and chlorophyll distributions change dramatically across the Southern Ocean fronts.
[5] While numerous studies have related variations in Southern Ocean properties to the fronts of the ACC, most of these studies have used historical mean front positions, or fronts identified on particular sections or in limited regions. Recently, Sokolov and Rintoul [2007] demonstrated that Southern Ocean fronts can be accurately mapped on a weekly basis using satellite sea surface height (SSH) observations. Maps of the gradient of sea surface height reveal a complex distribution of multiple frontal branches or jets in the ACC. Sokolov and Rintoul [2007] showed that the jets identified in the gradient maps correspond to nearly constant SSH values over large sectors of the Southern Ocean. S. Sokolov and S. R. Rintoul (On the circumpolar extent of the Antarctic Circumpolar Current Fronts, manuscript in preparation, 2007) (hereinafter referred to as Sokolov and Rintoul, manuscript in preparation, 2007) showed that these relationships hold up throughout the Southern Ocean, allowing circumpolar mapping of Southern Ocean fronts with high resolution in space and time. Here we use these new maps of ACC fronts to reexamine the relationship between surface chlorophyll, fronts and topography.
[6] First, we examine the distribution of chlorophyll concentrations relative to the Southern Ocean fronts south of Australia and New Zealand, where we have good in situ data for comparison. By averaging the surface chlorophyll distributions along streamlines, we illustrate how the ACC fronts define zones with similar chlorophyll concentrations and seasonal cycles. However, in contrast to earlier studies, we do not find that chlorophyll levels are elevated along the fronts. We then extend our findings to the entire Southern Ocean and demonstrate that the distribution of chlorophyll blooms is linked to the dynamics of the ACC. Interaction of the flow with topography results in a bottom pressure torque, which is a dominant term in the local and zonally integrated vorticity balance Hughes, 2005] ; nonzero bottom pressure torque, in turn, implies a vertical velocity at the seafloor [Hughes, 2005] . We present model results that suggest this upwelling is vertically coherent throughout the water column, resulting in heaving of the nutrient profile and supply of macronutrients and micronutrients to the mixed layer.
Data
[7] To map Southern Ocean front positions we used the CLS/AVISO ''Mean Sea Level Anomaly'' (MSLA) maps, which are produced by mapping data from the TOPEX/ POSEIDON, ERS-1 and ERS-2 satellite altimeters [Le Traon et al., 1998 ]. To produce maps of absolute SSH, we added the mean surface dynamic height (relative to 2500 dbar) from the WOCE global hydrographic climatology [Gouretski and Koltermann, 2004] to the sea level anomaly field, as in work by Rintoul [2007, manuscript in preparation, 2007] . The hydrographic data are mapped on a 1 = 2°r egular grid on a set of 45 standard levels covering the depth range from the sea surface to 6000 m.
[8] We used the SSH values corresponding to each frontal branch from Sokolov and Rintoul [2007] , who fit optimal SSH contours to SSH gradient fields for the 12-year period of MSLA observations from 1992 to 2004. The SSH contours corresponding to each front were found to be nearly constant over the sector of the Southern Ocean between 100°E and 180°E. The standard deviations of the best fit SSH values associated with the fronts do not exceed 2 -3 cm, typically a factor of 5 -10 smaller than the difference in SSH between adjacent frontal branches [Sokolov and Rintoul, 2007] . A reference level of 2500 m was used to define the mean dynamic height field to capture most of the signal of the deep-reaching ACC fronts, while remaining sufficiently shallow to be defined in most of the Southern Ocean. Using this approach, we cannot track the fronts in waters shallower than 2500 m. However, all ACC fronts are deep-reaching [Sokolov and Rintoul, 2002] , and rarely cross regions shallower than 2000 m in the Southern Ocean. Instead, the fronts wrap around shallow bathymetric features, and their paths are well-approximated by the 2000-m isobath.
[9] Surface chlorophyll concentrations derived from satellite ocean color measurements are used to examine bloom dynamics in the Southern Ocean. The SeaWiFS data used in this study cover the period from October 1997 to October 2002. Eight-day mean level 3 standard mapped images of chlorophyll on a global 9 km equidistant cylindrical grid from SeaWiFS were obtained from the Goddard Space Flight Center [McClain et al., 1998 ]. Except where otherwise specified in the text, we use surface chlorophyll to refer to chlorophyll a detected by satellite and use this quantity as a proxy for phytoplankton biomass. We use ''bloom'' to refer to regions of elevated chlorophyll, without reference to a particular chlorophyll concentration.
[10] To verify that the front locations inferred from SSH correspond to those inferred from hydrographic data, we use an occupation of the WOCE/CLIVAR SR3 repeat hydrographic section between Tasmania and Antarctica occupied in October -November 2001. The station spacing was 34 km in the frontal zones, resolving the detailed structure of the ACC fronts and filaments. We also use the hydrographic data to confirm that the in situ and remotely sensed surface chlorophyll distributions agree and to illustrate the subsurface distribution of chlorophyll.
Results
[11] Most of the ACC transport in the Southern Ocean is carried in 3 main current cores associated with the primary fronts of the ACC: the Subantarctic Front (SAF), Polar Front (PF) and Southern ACC Front (sACCf) [Whitworth, 1980; Orsi et al., 1995] . Between the fronts lie zones of relatively uniform water mass properties: the Subantarctic Zone (SAZ) between the Subtropical Front (STF) and the SAF, the Polar Frontal Zone (PFZ) between the SAF and the PF, and the Antarctic Zone (AZ) south of the PF. Using high-resolution hydrographic data south of Australia, Sokolov and Rintoul [2002] found that each of the major ACC fronts was consistently split into two or more branches. A later study confirmed that this filamented but robust nature of the ACC is universal in the Southern Ocean Rintoul, 2007, manuscript in preparation, 2007] . The mean pattern of the ACC fronts south of Australia and New Zealand, derived from these studies, is shown in Figure 1 .
Distribution of ACC Fronts and Chlorophyll at 140°E
[12] We first consider a section along roughly 140°E, where we have detailed in situ data to compare to the remote sensing observations. We use this comparison to make four points: to illustrate the multiple jets of the ACC, to demonstrate that these features can be observed in satellite altimeter data, to show the correspondence between surface and subsurface measurements of chlorophyll, and to relate the distribution of fronts to the distribution of chlorophyll.
[13] The high-resolution hydrographic section near 140°E illustrates the multiple filaments of the ACC (Figure 2 ). The SAF, the strongest front and main jet of the ACC in this region, corresponds to a zone of large horizontal temperature gradients in the upper 1000 m of the water column between 48°S and 53°S. The temperature at 200 dbar decreases from north to south across the SAF by more than 5°C [Sokolov and Rintoul, 2002] . Two or three branches of the SAF are consistently found south of Australia. Each of the branches corresponds to maxima in horizontal gradients of temperature, salinity and density (see Figure S1 in auxiliary material 1 ). The northern SAF corresponds to a decrease in temperature (q) at 300 to 400 dbar from >8°to <6°C, the middle branch from >6°to <5°C, and the southern branch from >5°to <3°C [Sokolov and Rintoul, 2002] .
[14] The PF marks the northern limit of the Antarctic Zone [Gordon et al., 1977] and is commonly defined by the northernmost extent of the subsurface temperature minimum cooler than 2°C, where the temperature minimum layer ends or dips abruptly below 200 m (Figure 2 ). The temperature minimum layer (q min ), or Winter Water, exists only south of the PF and occupies the water column between 100 and 300 m. Multiple branches of the PF have been identified in many locations of the Southern Ocean (see Rintoul and Bullister [1999] for further discussion). Two branches of the PF have been found on each of seven occupations of a section along 140°E [Sokolov and Rintoul, 2002] . The northern branch coincides with the classical definition of the PF, while the southern branch generally coincides with the southernmost extent of water warmer than 2.2°C in the temperature maximum layer (q max ) [Sokolov and Rintoul, 2002] . The q max , also known as the Upper Circumpolar Deep Water (UCDW), lies below the Winter Water. In the upper 200 m of the water column the southern branch of the PF tends to coincide with northward deepening of the q min layer core from 110 to 160 m, with temperatures in the q min as low as 0°-1°C (Figure 2 ). (As illustrated in Figure 4 , and discussed below, the section crosses a meander of the northern PF resulting in 3 crossings of the front). [15] The sACCf lies in the AZ. Orsi et al. [1995] found the sACCf usually coincided with the southernmost extent of water warmer than 1.8°C in the q max layer, and noted that it is the only Southern Ocean front that does not separate distinct surface water masses. South of Tasmania, Sokolov and Rintoul [2002] showed that this front is also represented by two distinct frontal branches: the northern branch corresponds to the southern limit of q max water warmer than 2°C, and the southern branch is described by the criterion of Orsi et al. [1995] . Sokolov and Rintoul [2002] also found that in the upper water column the temperatures in the core of q min layer drop below À0.5°C across the northern branch of sACCf.
[16] The southern boundary of the ACC (sBdy) and Antarctic Slope Front (ASF) are the southernmost fronts observed on the section. The sBdy is best defined by the southern limit of the oxygen minimum associated with UCDW [Orsi et al., 1995] . On SR3, this feature is coincident with the southern limit of q max water warmer than 1.5°C. The ASF is attached to the continental slope and separates cold and fresh shelf water from warmer and saltier water offshore.
[17] Each of the frontal branches identified in the hydrographic section in Figure 2 correspond to enhanced lateral gradients in temperature, salinity and density. These zones of enhanced gradients (i.e., fronts) coincide with geostrophic transport maxima (current jets) and maxima in SSH gradients sampled along the section (auxiliary Figure S1 ).
[18] The chlorophyll distribution along the SR3 section is shown in Figure 3 . In situ and satellite measurements of surface chlorophyll track each other closely ( Figure 3a) . The highest chlorophyll concentrations are found at the northern and southern ends of the section, with the lowest values found near 50°S. The vertical bars in Figure 3a indicate the location of the fronts as inferred from traditional water property criteria (grey bars) and from contours of SSH (colored bars); both methods place the fronts in very similar positions. Superimposing the front positions assists in the interpretation of the surface chlorophyll distributions. Transitions between low and high values tend to coincide with [19] The correspondence between fronts and chlorophyll is even more clear in the subsurface distribution ( Figure 3b ). The chlorophyll distribution in the upper 100 m is dominated by coherent regions of similar concentration, bounded by sharp transitions. In each case, the shift from high to low chlorophyll corresponds to one of the branches of the ACC fronts. Between the fronts, chlorophyll concentrations are generally uniform. The overall pattern of subsurface chlorophyll is consistent with the surface chlorophyll distribution: the highest values are found north of the STF and south of the sACCf, with particularly high values found near the Antarctic shelf; relatively low values are found in the vicinity of the PF; and the lowest values are found between the northern and middle branches of the SAF. At least at this time and location, the fronts delimit regions with similar chlorophyll concentrations, rather than corresponding to bands of enhanced chlorophyll. Elevated surface chlorophyll is found near the sACCf-N and Bdy but the fronts are closely spaced there and it is difficult to distinguish between regions and within the fronts.
[20] Figure 4a shows the distribution of SSH gradient in the vicinity of the SR3 section at the time of the cruise, with contours of SSH corresponding to each frontal branch overlaid. The figure confirms that these contours generally coincide with regions of elevated SSH gradients (i.e., fronts) in this synoptic map. The contour labels used to map the fronts are determined by a fit to twelve years of SSH gradients Rintoul, 2007, manuscript in preparation, 2007] , i.e., not the fit to this particular map. The map of SSH gradients also corresponds closely to the distribution of fronts identified in the hydrographic section. For example, the high gradients crossed by the section between 45°S and 46°S are associated with an eddy of warm, salty subtropical water. The very strong SSH gradients crossed at 49°S are associated with the northern branch of the SAF. The section crosses a meander of the northern PF (northern red dashed contour in Figure 4a ) between 54°S and 56°S, resulting in 3 crossings of this frontal branch. Even subtle features like the narrow cold-core eddy crossed by the section at 63°S [Hirawake et al., 2003 ] is evident in the front maps based on SSH. The gradient of SSH is not uniformly high along each contour, reflecting changes in the intensity of the flow along the front.
[21] The corresponding map of surface chlorophyll is shown in Figure 4b , with the ACC fronts overlaid. As seen in the vertical section at 140°E, the chlorophyll distribution west and east of the WOCE SR3 shows a clear relationship between the ACC fronts and chlorophyll. High chlorophyll is found near Tasmania; low values are present between the northern and middle SAF; slightly higher concentrations are found between the middle and southern SAF; surface values decrease again between the southern SAF and the northern PF; and chlorophyll values then increase farther south, with the most dramatic changes occurring across the northern sACCf. As the various fronts meander or shift to the north and south across this region, they continue to delineate regions of roughly similar chlorophyll concentrations. For example, the large equatorward deflection of the PF and sACCf over the Southeast Indian Ridge, evident in the SSH contours, is accompanied by a similar equatorward expansion of high surface chlorophyll, with the boundary of the bloom closely following the fronts (see also Figure 1 ). Bands of similar chlorophyll concentration follow the pattern of the streamlines, even at the scale of meanders and mesoscale eddies. This suggests the fronts define the boundaries of zones with similar chlorophyll, rather than the fronts themselves corresponding to zones of enhanced biomass. Note that if we had used the highly smoothed maps of climatological front positions based on historical hydrographic data, this relationship would be much less obvious.
Summer Surface Chlorophyll Distribution South of Australia and New Zealand
[22] Having used in situ data to confirm the relationship between fronts and surface chlorophyll near 140°E, we now use satellite observations to examine the summer distribution of chlorophyll between 100°E and 180°E. The most dramatic features of the summer-mean map are elevated chlorophyll levels near Tasmania and New Zealand, over the Campbell Plateau and the Mid-Ocean Ridge south of 60°S, and in the seasonal sea ice zone ( Figure 5) . Within the open Southern Ocean, chlorophyll levels are generally lower, but not uniformly so. While the summer mean chlorophyll concentrations are generally low within the SAF region (i.e., between the northern and southern branches of the front) and high south of the sACCf, concentrations within the PF region vary with changes in underlying bottom topography: over deep oceanic basins the chlorophyll concentrations within the PF region can be as low as within the SAF region (e.g., over the deep Australian-Antarctic Basin between 110 and 130°E, and just east of the Southeast Indian Ridge (SEIR) between 155 and 160°E; see Figure 1 for reference to bathymetric features), while chlorophyll concentrations are typically elevated where the PF interacts with large-scale topographic features (such as near the SEIR and Mid-Ocean Ridge). Large-scale variations in chlorophyll are observed along the SAF as well, with higher values to the west of 130°E and lower values to the east.
[23] In the summer-mean map the differences in chlorophyll concentrations of surface waters separated by ACC fronts are not as distinct as in the synoptic map presented in Figure 4b . This primarily occurs because the averaging was performed in geographical space, so the meandering of the ACC jets results in smoothing of the averaged chlorophyll distributions. In the next section, we average along streamlines to provide a clearer picture of the relationship between the ACC fronts and chlorophyll, including the seasonal cycle.
Seasonal Evolution of Chlorophyll Concentrations
[24] Chlorophyll concentrations in the Southern Ocean vary strongly with season. Figure 6a shows the mean seasonal cycle in chlorophyll concentrations averaged along streamlines (i.e., SSH contours; the average is taken between October 1997 and October 2002, between 100 and 180°E). The SSH values corresponding to each ACC front are indicated in the figure by vertical dashed lines.
[25] The surface chlorophyll concentrations are low (<0.15 mg/m 3 ) across the entire Southern Ocean during the austral winter (June -August). Chlorophyll concentrations start to rise near Antarctica in early spring (September) and increase rapidly during October. In October -November, elevated chlorophyll levels extend to the north to occupy the entire Antarctic Zone, followed by the zone between the northern and southern branches of the PF. Chlorophyll concentrations are elevated within the PF region only during the austral summer months between November and January. The summer bloom south of the southern PF continues through February, reaching chlorophyll concentrations as high as 0.4 mg/m 3 . Throughout the region south of the northern PF the chlorophyll distribution is dominated by a spring bloom, which starts earlier, ends later, and reaches larger values farther south.
[26] The second chlorophyll maximum in the AustralianNew Zealand sector of the Southern Ocean is observed in the subtropical waters north of the STF and in the SAZ. The seasonal increase in chlorophyll starts earliest, persists longest and reaches the largest values in the Subtropical Convergence Zone (STCZ). (Note that the streamwise averaging includes only water deeper than 2500 m, where the mean height field relative to this depth is defined; the very high values near the coasts are not included.) In the SAZ, chlorophyll concentrations are lower than seen farther north and show a weak double maximum in December and February. The lowest surface chlorophyll concentrations in the ACC are observed between the northern and southern branches of the SAF. The mean concentrations in the SAF are around 0.15 mg/m 3 during the summer months, almost as low as winter values in waters to the north and south. The middle branch of the SAF marks a boundary between differing seasonal cycles: to the south, the peak of the bloom occurs between November and December; to the north, the bloom extends over a relatively broad period centered on January -February.
[27] The particularly high values in the southern Tasman Sea and over the Southeast Indian Ridge (e.g., Figure 5 Figure 6a is absent from Figure 6b , suggesting that the intense spring bloom in the former is characteristic of the southern Tasman Sea.
Circumpolar Chlorophyll Distributions and the Role of Topography
[28] The streamwise average provides a useful perspective on the seasonal evolution of surface chlorophyll, but obscures regional differences. We next consider the variations of chlorophyll along streamlines in the circumpolar Southern Ocean. The mean surface chlorophyll (averaged over the period from October 1997 to October 2002) is shown in Figure 7a , with the ACC fronts overlaid. While the overall pattern is similar in many ways to that described for the region south of Australia (e.g., high values on the northern and southern edges of the ACC, and lower values in between), the most striking impression is of patches of very high values in particular regions. The largest blooms are associated with the continental shelves (e.g., around Antarctica, the east and west coast of South America, and New Zealand). However, large persistent blooms are found in many areas of the open Southern Ocean as well. Patches of high chlorophyll appear on each of the ACC streamlines at some location in the Southern Ocean. In particular, every significant bathymetric feature is associated with elevated chlorophyll, including the South and North Scotia Ridges, South Orkney Islands, Southwest Indian Ridge, Kerguelen Plateau, Southeast Indian Ridge, Mid-Ocean Ridge south of New Zealand, Macquarie Ridge, Campbell Plateau, PacificAntarctic Ridge and East Pacific Rise (Figure 7 ). An examination of the monthly mean maps indicates that even during the colder part of the year from May to August, when the chlorophyll concentrations are extremely low in the Southern Ocean, phytoplankton production is still well above the mean in regions where the ACC interacts with the large-scale topographic features (e.g., South Georgia, South Scotia Ridge, Crozet Islands and Kerguelen Island; see auxiliary material).
[29] The high chlorophyll values in Figures 7 and 8 are not limited to the immediate vicinity of the topography. The blooms appear to form near topography and then spread downstream along streamlines, often for distances exceeding 1000 km. For example, a patch of very high chlorophyll values appears to originate just upstream of South Georgia in the southwest Atlantic in November (Figure 8a ). The inverted U-shaped patch follows a large-scale meander of the PF downstream of the island. By December, the patch has spread farther to the east, again following the streamlines of the ACC (Figure 8b) . A similar sequence is seen downstream of Kerguelen Island (50°S, 75°E) and in a number of other locations around the ACC path.
[30] While the association between high chlorophyll and bathymetry in the Southern Ocean is well-known [e.g., Comiso et al., 1993; Abbott, 2000, 2002; Holm-Hansen et al., 2005] , few studies have explained why this is so. Over shallow topography, many authors have suggested that injection of dissolved iron from sediments could support enhanced production [e.g., Nolting et al., 1991] , but is not clear deep features can directly supply iron in this way. Moore et al. [1999] suggested that topography destabilized the deep-reaching flow of the ACC, causing the formation of mesoscale eddies and meanders which in turn drove upwelling. Here we use results from two different ocean circulation models, a coarse-resolution coupled climate model (CSIRO Mk3.5 [Gordon et al., 2002] ) and a fine-resolution ocean circulation model (ORCA025 [Barnier et al., 2006] ), to show that interaction of the ACC with large-scale topography drives persistent upwelling. Figure 9 shows the annual mean vertical velocity at 1095 m from the CSIRO climate model. (The upwelling is very coherent in the vertical in both models, with vertical motion of the same sign but decreasing in magnitude from the bottom to the surface; e.g., see Figures 11-13 in section 3.5) . The SAF and PF positions are shown for reference (as the model does not resolve the multiple branches of the ACC fronts, we use the definitions from Orsi et al. [1995] to define the fronts).
[31] The broad-scale pattern of vertical velocity consists of upwelling south of the PF and downwelling to the north, consistent with the pattern of Ekman divergence and convergence. Superimposed on this background pattern are a number of prominent maxima, with values exceeding 1 Â 10 À6 m/s. Each of these upwelling maxima are found near major bathymetric features, including (from west to east) the Pacific-Antarctic Ridge; the East Pacific Rise; the Drake Passage, Scotia Sea and surrounding island arcs; the MidAtlantic Ridge near 0°E; the Conrad Rise and Crozet Plateau near 45°E; the Kerguelen Plateau; and the Southeast Indian Ridge near 145°E. As described above, these same topographic features are associated with persistent maxima in surface chlorophyll (e.g., compare Figures 7, 8, and 9 ). More specifically, the topographically forced upwelling coincides with the western edge of the chlorophyll blooms; as noted above, the blooms extend hundreds of kilometers downstream of the topography, often reaching beyond the zones of upwelling.
[32] The SAF zone is generally characterized by downwelling, consistent with Ekman convergence. However, upwelling does occur in a few locations along the SAF (Figure 9 ). From west to east these are the East Pacific Rise; the southwestern part of the Argentine Basin, where the large upwelling zone is maintained within the system of the Malvinas Current and Malvinas Return Current; the SWIR in vicinity of Del Cano Rise and Crozet Islands; the northern extension of the SEIR at 90°E; the Macquarie Ridge and the southern edge of the Campbell Plateau.
[33] We used results from a general circulation model which did not resolve eddies to illustrate how interaction of the ACC with large-scale bottom topography drives vertical motions in the Southern Ocean. Eddy-resolving ocean circulation models produce vertical velocity fields which also include energetic upwelling and downwelling associated with meanders and eddies of the ACC jets and Rossby waves ( Figure 10 ; the grid size of the model varies with latitude, with a resolution of 14 km at 60°S). The typical spatial scale of the mesoscale eddy field is of order of 100À200 km with vertical velocities of 10 À6 -10 À5 m/s (both upwelling and downwelling). The energetic vertical motions associated with mesoscale features obscure any large-scale pattern. However, after spatial averaging, the vertical velocity field in the eddy-resolving circulation model is very similar to the same field in the coarseresolution model (Figure 9 ), both in magnitude and distribution. In both cases, major topographic features are associated with strong upwelling, with values typically 3À10 times larger than the canonical open ocean upwelling value of 1 Â 10 À6 m/s required to compensate the sinking of dense water to the abyssal layer [Munk, 1966] .
A Streamwise View of Phytoplankton Bloom Initiation and Persistence
[34] We next examine variations of chlorophyll, vertical advection and bathymetry along the path of the ACC fronts. Because we find the fronts act as boundaries between regions with similar chlorophyll, we average between streamlines corresponding to particular frontal branches; streamwise averages of monthly mean chlorophyll concentrations are shown for each month from November to February. Vertical velocity is shown at two levels (200 and 1000 m) to illustrate the vertical coherence of the upwelling driven by topography.
[35] Chlorophyll levels are relatively low (<0.3 mg/m 3 ) between the northern and southern branches of the SAF, a region generally characterized by downwelling (Figure 11) . Chlorophyll values ramp up as the SAF enters the Atlantic and traverses the complex and rough topography of the Drake Passage, Scotia Sea and the Falkland/Malvinas Plateau. The bloom reaches a maximum value near 50°W, then slowly decays to the prime meridian. Interaction with the Crozet Plateau (30 -55°E) results in a sharp rise in chlorophyll in spring (November-December). Moderately high values occur over the Pacific Antarctic Ridge. This region also experiences the strongest seasonal variation in chlorophyll.
[36] The PF is characterized by somewhat higher chlorophyll concentrations than the SAF, consistent with a tendency for upwelling overall along the path of the front (Figure 12 ). The lowest values of chlorophyll a along the circumpolar path of the PF are observed in Drake Passage, where the front enters the Atlantic. Interaction with the bathymetry of the southwest Atlantic coincides with strong upwelling and a rapid increase in chlorophyll, which reaches a circumpolar maximum >1 mg/m 3 downstream of south Georgia. The bloom decays slowly downstream but persists to at least the prime meridian. Phytoplankton biomass increases again where the PF interacts with the Kerguelen Plateau, where strong upwelling occurs. Elevated chlorophyll values are again observed well downstream (2000 km) of the bathymetry and the peak in upwelling. As observed for the SAF, a moderate bloom is observed over the Pacific-Antarctic Ridge. Chlorophyll in the PF peaks in December. The seasonal differences are particularly strong downstream of the Kerguelen Plateau: the lack of a significant bloom in February may indicate that silicic acid has been drawn down to levels too low to support a bloom in the PF, where blooms are typically dominated by larger diatom species [Moore and Abbott, 2002 , and references therein]. [37] The sACCf has the highest and most spatially variable chlorophyll concentrations of each of the three fronts and the largest ''background'' levels of upwelling ( Figure 13 ). In addition, the sACCf lies within the seasonal ice zone along much of its path. Melting of sea ice can therefore favor development of phytoplankton blooms near the sACCf [e.g., Smith and Nelson, 1986; Sedwick and diTullio, 1997] . This may explain the generally high chlorophyll levels and weaker relationship between bathymetry, upwelling and phytoplankton biomass for the sACCf compared to the PF (Figure 12 ). Nevertheless, blooms are observed where the sACCf interacts with the mid-Atlantic ridge near 0°E, the southern end of the Kerguelen Plateau (70 -90°E) and the Southeast Indian Ridge (150-180°E), all regions where the model indicates enhanced upwelling. Very strong upwelling is observed between 50 and 70°W, where the sACCf interacts with the continental shelf break west of the Antarctic Peninsula. The large but highly variable chlorophyll concentrations observed between 120 and 170°W correspond to the southernmost part of the path of the sACCf, deep within the seasonal ice zone. Iron supplied by sea ice melt and from shelf sediments may be a more important source of iron than deep upwelling in this region.
[38] In summary, blooms along the Southern Ocean fronts are generally initiated by upwelling of a limiting nutrient (presumably iron) where the flow crosses bathymetric features. The system appears to recycle iron efficiently, allowing the bloom to persist for long distances (up to 2000 km) downstream of the iron source. Within the sea ice zone, sea ice melt may provide a more significant source of iron, thereby weakening the direct link between blooms and bathymetry.
Discussion
[39] Many factors are known to influence phytoplankton concentrations in the Southern Ocean, including iron input from the atmosphere, shallow sediments, melting ice or upwelling; the availability of light, which in turn is a function of stratification and hence wind mixing and buoyancy forcing by the atmosphere and sea ice formation and melt; and grazing by zooplankton. The upwelling of macronutrients and micronutrients can be driven by Ekman divergence, eddy motions, or topographic interactions. Distinguishing the relative importance of a single factor is difficult because many processes may be occurring simultaneously at any place and time (e.g., bathymetry may destabilize currents and cause enhanced mesoscale activity as well as drive topographic upwelling). In addition, multiple mechanisms may work in concert: topographic upwelling may transport iron vertically to shallower depths where Ekman divergence can supply iron to the mixed layer. The goal of this paper is to explain the presence of high 
Are Southern Ocean Fronts Regions of Enhanced Phytoplankton Biomass?
[40] A number of studies have identified Southern Ocean fronts as regions of enhanced biological production [e.g., Moore et al., 1999; de Baar et al., 1995; Laubscher et al., 1993] . In contrast, we find that the fronts generally coincide with boundaries between regions of similar chlorophyll concentrations and do not themselves tend to be associated with enhanced phytoplankton biomass. We believe this apparent discrepancy largely disappears when care is taken when defining the location of fronts, including recognition of the multiple branches of the ACC fronts. For example, de Baar et al. [1995] concluded that blooms at the Polar Front produced phytoplankton biomass an order of magnitude higher than seen in waters farther south. They suggested the bloom was supported by iron advected by the PF from shelf sources located upstream. However, the phytoplankton bloom (and high iron concentrations) they observed extends SOKOLOV AND RINTOUL: ACC FRONTS AND CHLOROPHYLL CONCENTRATION from 47°S to 51°S, a much broader region than is occupied by the PF current core. Veth et al. [1997] and Smetacek et al. [1997] suggest the latitudinal extent of the bloom can be attributed to meandering and eddy shedding by the PF over this latitude band. This conclusion does not seem to be well supported by their observations. Their series of transects reveals a relatively stable water mass structure, with a clear transition across multiple branches of the ACC fronts. Using the front definitions described in section 3.1, the sections cross the northern and southern PF, the northern and southern sACCf and the SB/Weddell Gyre boundary. Each of these features coincides with a maximum in geostrophic velocity [e.g., see Veth et al., 1997, Figure 3] . Maxima in the pigment distributions are found between the fronts, rather than aligned with the current cores; the distribution of other photosynthetic pigments also reflects the frontal structure, with distinct phytoplankton communities found between each of the frontal branches [Veth et al., 1997; Bathmann et al., 1997; Peeken, 1997] . The results of these studies seem to be best interpreted as evidence that the multiple branches of the ACC fronts define boundaries between regions with similar biological distributions, rather than supporting the hypothesis that Southern Ocean fronts are associated with high productivity.
[41] Elevated productivity along Southern Ocean fronts has been attributed to both advection of iron by the fronts [e.g., de Baar et al., 1995] and by upwelling of iron by mesoscale motions resulting from dynamical instabilities of the fronts [e.g., Pollard and Regier, 1992] . As discussed above, phytoplankton blooms in the Southern Ocean often stretch for 100s or 1000s of kms along streamlines, consistent with the idea that advection (of both iron and chlorophyll) makes an important contribution to the blooms. With regard to nutrient supply by mesoscale motions, Figure 10a shows clearly that small-scale motions drive vigorous upwelling (and downwelling), with the largest vertical velocities observed near the fronts. However, the location of the blooms does not correspond very well with the distribution of energetic mesoscale motions, as noted by Comiso et al. [1993] who found only a weak correlation between eddy kinetic energy (EKE) and surface chlorophyll distributions. Maps of EKE [e.g., Ducet et al., 2000] show the most intense eddy activity occurs along the SAF, where chlorophyll levels are generally low; similarly, prominent blooms occur downstream of topography in the regions of low EKE (e.g., at the Pacific Antarctic Ridge, Southeast Indian ridge and downstream of south Georgia). The bloom development illustrated in Figure 8 seems best explained by initiation of blooms by upwelling where the ACC interacts with topography, followed by downstream advection. In the next section, we argue that flow-topography interactions can drive upwelling, independent of mesoscale instabilities.
Why Are Deep Bathymetric Features Associated With Elevated Chlorophyll a?
[42] Explanations for the association between bathymetry and enhanced biological productivity in the ''HNLC'' Southern Ocean have focused on iron supply. For shallow bathymetry, such as on the continental shelf, iron released from sediments can be mixed or advected to the surface to support enhanced primary production. On the other hand, it is not so clear how deep (>2000 m) features can influence surface chlorophyll. Moore et al. [1999] suggested interaction with topography triggered instabilities of the fronts, leading to meandering and eddy-shedding, and that these mesoscale motions drove vertical motion. They argued that even deep features could destabilize the deep-reaching ACC fronts and result in enhanced upwelling and therefore higher productivity.
[43] However, our analysis of vertical advection in coarse-and fine-resolution ocean models suggests that bathymetry plays a more direct role, by driving vertically coherent upward motion on the spatial scale of the bathymetry. Consideration of the barotropic vorticity balance in the ACC helps explain why this is so. In steady state,
where b = the meridional gradient of the Coriolis parameter, Y = the barotropic stream function and Y x is the meridional velocity, p b is the bottom pressure, H is the bottom depth, t is the wind stress, and F represents nonlinear and frictional forces. In the Southern Ocean, the zonally integrated balance is between the curl of the wind stress (second term on the right-hand side) and the bottom pressure torque (first term on the right-hand side) [Munk and Palmén, 1951; Gille, 1997] . Locally, the dominant balance is between the advection of planetary vorticity (left-hand side) and the bottom pressure torque, with these two terms about an order of magnitude larger than the wind stress curl Hughes, 2005] . The bottom pressure torque, which arises from interaction of the flow with the seafloor, plays a key role in the dynamics of the ACC [Hughes, 2005] . For the bottom pressure torque to be nonzero, there must be a change in pressure along isobaths. By geostrophy, a horizontal pressure gradient along isobaths in turn implies a horizontal flow directed toward or away from the bathymetry. To meet the boundary condition of no normal flow through the seafloor, this horizontal motion at the seafloor must drive vertical motion (w b = Àu b . rH, where w b and u b are the vertical and horizontal components of velocity at the bottom, respectively). Vertical motion near topography is therefore a direct consequence of the bottom pressure torque. The pattern of vertical velocity shown in Figures 9 and 10 in fact looks very similar to maps of bottom pressure torque [e.g., Rintoul et al., 2001, Figure 4.6.6] , with upwelling regions coincident with positive bottom pressure torque and equatorward meridional flow.
[44] The discussion above suggests that topographic interactions, rather than mesoscale features, are primarily responsible for the upwelling of nutrients and iron into the Southern Ocean mixed layer. (Note that this does not mean that iron is upwelling all the way from sediments over deep bathymetry to the surface ocean; the vertical distribution of iron is ''nutrient-like'' [Coale, 2001] , with low concentrations in surface waters and higher concentrations at depth. A vertical translation of this profile can introduce iron into the mixed layer.) Enhanced mixing where strong currents interact with rough bathymetry may also play a role in the vertical supply of nutrients [e.g., Naveira Garabato et al., 2002] , although the large mixing rates observed to date do not appear to extend into the mixed layer. Once iron is introduced to the upper ocean by upwelling over bathym-etry, the system appears able to retain iron and create a persistent bloom extending along streamlines for 100s or 1000s of kms downstream of the topography (e.g., Figure 12 ). We note that the intense upwelling over bathymetric features is not generally followed by downwelling downstream of the bathymetry: this suggests the ferri-cline may remain elevated downstream of the topography, perhaps contributing to the elevated chlorophyll levels observed downstream of the topography. Careful measurements of the stratification along streamlines upstream and downstream of topography could be used to test this idea.
[45] The tendency for waters south of the PF to be more productive than waters to the north can be explained by the differences in upwelling in the two regions. Figure 14 shows a schematic view of the meridional overturning in the CSIRO model, where the transports have been integrated in two regions: between the PF and the Antarctic continent, and between the PF and SAF. The upwelling across the base of the Ekman layer is about twice as large south of the PF (28 ± 9 Sv, mean flux ± standard deviation of monthly means over a 20 year period of the model run) than it is between the PF and SAF (16 ± 7 Sv). South of the PF, the Ekman suction (calculated from the model wind field) accounts for nearly all of the upwelling (27 ± 8 Sv), which in turn is almost entirely supplied by upwelling across 1000 m south of the PF (26 ± 8 Sv). Between the PF and the SAF, the Ekman suction is significantly weaker (7 ± 7 Sv) than south of the PF, as is the upwelling across 1000 m (8 ± 7 Sv). Of the total upwelling across the base of the Ekman layer (16 ± 7 Sv) in this region, about half is supplied by deep upwelling and about half is supplied by water crossing the SAF from north to south between the base of the Ekman layer and 1000 m.
[46] Estimated mean upwelling rates across 1000 m north and south of the PF are 0.42 Â 10 À6 ± 0.33 Â 10 À6 m/s and 0.71 Â 10 À6 ± 0.23 Â 10 À6 m/s respectively. Mean positive vertical fluxes across the base of the Ekman layer and 1000 m (shown in Figure 14 in blue) are primarily driven by large-scale interaction of the ACC with bottom topography. Mean topography-induced upwelling rates across 1000 m north and south of the PF (3.3 Â 10 À6 ± 0.24 Â 10 À6 m/s and 4.0 Â 10 À6 ± 0.41 Â 10 À6 m/s respectively) are about 1 order of magnitude higher than the mean net vertical velocities. Therefore the primary factor contributing to the higher productivity observed south of the PF is likely to be strong upwelling, to which both Ekman suction and topographic upwelling contribute; the fact that the upwelled waters also originate at greater depth south of the PF, where iron concentrations may be expected to be higher, may also contribute.
Summary
[47] Previous studies have shown the highest chlorophyll values in the Southern Ocean are observed over the continental shelf and near islands, where shallow sediments are likely an important source of iron, and in the marginal ice zone, where the retreating ice edge supplies iron, stability and algal feed stocks. Elevated chlorophyll has also been observed in the vicinity of fronts and bathymetry, but the cause of this association has not been clearly explained. The goal of this paper is to clarify the influence of fronts and topography on the distribution of chlorophyll in the Southern Ocean, with a focus on the open ocean. A streamwiseaverage of surface chlorophyll shows a clear difference between the seasonal cycle in the southern and northern portions of the Southern Ocean. South of the Polar Front, there is a distinct spring bloom, which occurs earlier, persists for longer and reaches higher maximum values farther south. North of the SAF, the bloom is centered on the summer months. Between these two regimes, the SAF is generally characterized by low surface chlorophyll values throughout the year. Superimposed on this ''background'' field of surface chlorophyll are a number of persistent blooms oriented along streamlines. We have shown that these blooms are initiated where the ACC interacts with topography. The blooms extend for 100s or 1000s of kms downstream of the topography, suggesting both that biomass and nutrients (in particular, iron) are advected horizontally and that the system is able to retain nutrients for long periods. The blooms typically persist for months. The alignment between the boundaries of the blooms and the multiple fronts of the ACC is very close. However, in contrast to a number of earlier studies, we do not find that surface chlorophyll is in general enhanced along the path of the fronts. Rather, we find that each of the multiple jets of the ACC appears to coincide with a boundary between distinct regions characterized by similar levels of chlorophyll. Comparison of the distribution of the phytoplankton blooms to vertical velocity derived from two ocean general circulation models suggests that upwelling driven by interaction of the ACC with topography initiates the blooms. Strong, vertically coherent upwelling is present over each significant piece of topography around the circumpolar belt. We show that this vertical velocity is a consequence of the large-scale dynamics of the ACC, in which the bottom pressure torque is a dominant term in the vorticity budget of the current. While the upwelling associated with divergent Ekman transport plays an important part in nutrient resupply and helps establish the broad-scale distribution of surface chlorophyll, the upwelling associated with interactions of the ACC with bathymetry is responsible for establishing the persistent blooms that dominate the distribution of phytoplankton in the open Southern Ocean.
